Both the glass forming ability and thermal stability of the Zr 65-x-y Al 7:5 Cu 17:5 Ni 10 amorphous alloy can be improved by the appropriate addition of Si and B. The metalloid elements would extend the nucleation stage and result in more small crystalline particles. The basic crystallization kinetics for the Si/B containing alloys is still similar to the base alloy, but would proceed at a higher temperature or a more sluggish speed.
Introduction
Among many of the multicomponent amorphous alloys developed, the Zr based alloys have been demonstrated to exhibit a wide supercooled liquid region exceeding 100 K and high glass forming ability (GFA). [1] [2] [3] [4] [5] With such high GFA, the critical cooling rates of the Zr base amorphous alloys can be as low as 1 K/s, and the maximum diameter size can exceed 50 mm, enabling good chance for engineering applications. [6] [7] [8] Recently, continuous studies have extended to the understanding of the thermal stability of supercooled liquid and the nano-crystallization kinetics. [9] [10] [11] [12] There are still much to examine for the nano-crystallization mechanisms from the glassy matrix in the early nucleation stage and the subsequent crystal growth behavior. In literature, Inoue and Masumoto [13] [14] [15] have clarified the relationship between the thermal stability of an amorphous phase and their topological short-range ordering for the Zr based alloys during crystallization.
The present authors have reported that the addition of 4 at% silicon (with negative heat of mixing) or 2 at% boron (with the smallest atomic size) individually into the Zr 65 -Al 7:5 Cu 17:5 Ni 10 base alloy can significantly change the thermal properties of the Zr 65 Al 7:5 Cu 17:5 Ni 10 base alloy. [16] [17] [18] In this paper, the joint effects of Si and B in the Zr 65-x-yAl 7:5 Cu 17:5 Ni 10 Si x B y alloy system, where x ¼ 0{4 and y ¼ 0{2, are further explored in terms of their GFA and the thermal stability (or the crystallization behavior).
Experimental Methods
The alloy ingots, with chemical compositions of Zr 65-xAl 7:5 Cu 17:5 Ni 10 Si x B y where x varies from 0 to 4 and y varies from 0 to 2 with an interval of 1, were firstly prepared by arc melting of appropriate mixture of pure elements, including Zr (99.8 mass%), Ni (99.9 mass%), Cu (99.99 mass%), Al (99.99 mass%), Si (99.99 mass%) and B (99.5 mass%), under a Ti-gettered argon atmosphere. Then the alloy ingots were remelted in an induction furnace under a purified argon atmosphere. After complete melting, the liquid alloy was injected onto the surface of Cu wheel. The wheel is rotated at speed of 25 m/s (20 Hz) to reach the high cooling rate. The resulting specimen is a thin ribbon type with $10 mm in width and $0:1 mm in thickness. Thermal analysis of the as-quenched samples was carried out using the TA Instruments DSC 2920 differential scanning calorimeter (DSC) under a flowing argon atmosphere. Heating rates from 10 to 60 K/min were selected for the non-isothermal DSC analysis to investigate the crystallization behavior. Several temperatures between the real T g and T x were selected for the isothermal DSC analysis to study the crystallization kinetics. The as quenched and the annealed structures were examined by the X-ray diffraction (SIEMENS D5000 X-ray diffractormeter) with monochromatic Cu-K radiation.
Results and Discussions

Non-isothermal analyses:
Figure 1(a) shows the X-ray diffraction patterns obtained from the Zr 65-x Al 7:5 Cu 17:5 Ni 10 Si x B y melt-spun specimens. There is no detectable crystalline peak in the 2 range of 20 -80 , but a broad diffused peak is observed in the range of 30 -50 , indicating that all of melt-spun samples are in amorphous state. DSC traces revealed the glass transition and crystallization temperatures, T g and T x , as shown in Fig. 1(b) . The T g is the onset temperature of the first endothermic reaction, and the T x is the onset temperature of the first exothermic reaction. Figure 2 (a) and 2(b) present the variations of T x , T g , and ÁT x (temperature interval between T g and T x ) as a function of silicon and boron contents. Basically, both T g and T x exhibit an increasing trend with increasing silicon content. But the effect of B addition appears to be more complex. The highest T g and T x of 674 and 754 K, respectively occur at the composition of Zr 60 -Al 7:5 Cu 17:5 Ni 10 Si 4 B 1 alloy (termed the 4Si1B alloy), suggesting that the 4Si1B alloy may have the highest glass stability among these alloy systems, compared with the 640 and 702 K for the base alloy. In addition, the reduced glass transition temperature T rg (defined as T rg ¼ T g =T l ) 19) and the value (defined as ¼ T x =T g þ T l ) 20) shown in Fig. 2 (c) and 2(d) also reveal that the highest T rg (0.62) and value (0.43) occur at the 4Si1B alloy. However, the Zr 62 Al 7:5 Cu 17:5 -Ni 10 Si 1 B 2 sample (the 1Si2B alloy), instead of the 4Si1B alloy, exhibits the largest supercooled region of 85 K. In comparison with the T rg and values for the base alloy, 0.57 and 0.40, it is suggested that the 4Si1B alloy would possess an improved GFA over the base alloy.
For the study of crystallization kinetics by non-isothermal analyses, the volume fraction x transformed at temperature T was assumed to be proportional to the heat released. Therefore, the fraction of crystallization x was obtained by integrating the partial area under the crystallization peak up to the heating temperature T. The method to analyze the nonisothermal crystallization kinetics on the basis of nucleation and growth processes with an emphasis on the crystallization mechanism has been developed by Matusita and Sakka 21, 22) and Matusita et al. 23) According to Matusita et al., the activation energy and the appropriate nucleation and growth mechanism can be estimated by the following equation:
where is the heating rate of DSC runs, n 0 and m the numerical factor depending on the nucleation process and growth mechanism, Q the activation energy for crystallization, and R and T the gas constant and absolute temperature. It has been pointed out by morphology observations that n 0 ¼ m þ 1 for a quenched glass containing no nuclei and with a constant nucleation rate upon heating, but n 0 ¼ m for a glass containing a sufficiently large number of nuclei before thermal analysis run. The n 0 value for non-isothermal heating can be calculated from slopes of the plot of ln½À lnð1 À xÞ against ln (covering heating rates of 5, 7.5, 10, 20, and 40 min/K), where the x is the relative crystallinity of the first fully crystallization reaction, one example is shown in Fig. 3(a) . It is found that n 0 exhibits a decreasing trend with increasing temperature (Fig. 3(b) ), from the initial over 4 to nearly 2. The means that the nano-crystalline particles would grow from the initial clean amorphous matrix (with minimum nuclei) in a 3D manner at lower temperatures and would grow in a more rapid and disordered 2D or even 1D way at higher temperatures.
For the 4Si1B and 1Si2B alloys, all of the plots for ln½À lnð1 À xÞ against 1=T with different heating rates reveal a similar slope transition phenomenon as shown in Fig. 4 . According to Lin and Shen, 24) the transition point between two slopes is a saturation point of nucleation during the crystallization process. Namely, the grain growth will dominate the crystallization process beyond this transition point. In addition, the saturation point of nucleation for each plot in Fig. 4 can be related to its fraction of crystallization; for both 4Si1B and 1Si2B the saturation point corresponds to crystallization fraction x $ 88% at 10 K/min, much higher than the x $ 65% for the base alloy. It suggests that the metalloid elements would restrict the crystal growth during the crystallization process, and extend the nucleation stage. Thus the resulting crystalline particles would appear higher in number density and smaller in size.
With the n 0 value, the activity energy of nucleation and grain growth can be calculated by equation (1), as shown in Fig. 5 . The steep and shallow slopes before and after the site saturation point are referred to the nucleation and growth activation, respectively. The result reveals that the average activation energy of crystallization is around 400 $ 500 kJ/ mol, with the nucleation activation energy higher than the growth one. Additionally, both the activation energies of nucleation and grain growth for 4Si1B are higher than those of 1Si2B, and all of them are further higher than those for the base alloy ($330 kJ/mol). This indicates that the 4Si1B alloy shows the highest thermal stability, followed by 1Si2B and then the base alloy.
Isothermal analyses:
The isothermal kinetic study was performed using the Johnson-Mehl-Avrami (JMA) equation:
where k is an effective rate constant, t the annealing time, and n the Avrami exponent. Alloys 4Si1B and 1Si2B samples are two major alloys for annealing isothermally at several temperatures between T g and T x , namely 681, 691, 701, 711, and 721 K. Equation (2) can also be written as ln½lnð1=ð1 À xÞÞ ¼ n lnðkÞ þ n lnðtÞ:
The Avrami plots of ln½À lnð1 À xÞ versus lnðtÞ, constructed for 0:1 5 x 5 0:9 at several temperatures, are shown in Fig. 6 . The average n values were calculated to be 1:96 AE 0:25 for the base alloy, 18) 2:47 AE 0:52 for the 4Si1B alloy, and 2:36 AE 0:21 for the 1Si2B alloy. They all correspond to a similar diffusion controlled crystallization process with a decreasing nucleation rate. 25) Moreover, the variation of the incubation time, as shown in Fig. 7 , exhibits an increasing trend with increasing silicon addition, directly supporting that the addition of silicon would improve the thermal stability of the Zr 65 Al 7:5 Cu 17:5 Ni 10 based alloy.
Conclusions
According to experimental evidences and the kinetic analyses, the following conclusions are reached.
( occurs at the 88% crystallization fraction, much higher than the 65% for the base alloy, implying that these metalloid elements would extend the nucleation stage and result in more small crystalline particles.
(3) For 4Si1B and 1Si2B alloys exhibit higher crystallization activation energy of 400 $ 500 kJ/mol, and longer incubation time than the base alloy, again demonstrating the higher thermal stability. (4) Based on the non-isothermal and isothermal analyses, the basic crystallization kinetics for the Si/B containing alloys are still similar to the base alloy, but would proceed at a higher temperature or a more sluggish speed. 
